Abstract. Leaf litter represents an important link between tree community composition, forest productivity and biomass, and ecosystem processes. In forests, the spatial distribution of trees and species-specific differences in leaf litter production and quality are likely to cause spatial heterogeneity in nutrient returns to the forest floor and, therefore, in the redistribution of soil nutrients. Using mapped trees and leaf litter data for 12 tree species in a subtropical forest with a well-documented history of land use, we: (1) parameterized spatially explicit models of leaf litter biomass and nutrient deposition; (2) assessed variation in leaf litter inputs across forest areas with different land use legacies; and (3) determined the degree to which the quantity and quality of leaf litter inputs and soil physical characteristics are associated with spatial heterogeneity in soil nutrient ratios (C:N and N:P). The models captured the effects of tree size and location on spatial variation in leaf litterfall (R 2 ¼ 0.31-0.79). For all 12 focal species, most of the leaf litter fell less than 5 m away from the source trees, generating finescale spatial heterogeneity in leaf litter inputs. Secondary forest species, which dominate areas in earlier successional stages, had lower leaf litter C:N ratios and produced less litter biomass than old-growth specialists. In contrast, P content and N:P ratios did not vary consistently among successional groups. Interspecific variation in leaf litter quality translated into differences in the quantity and quality (C:N) of total leaf litter biomass inputs and among areas with different land use histories. Spatial variation in leaf litter C:N inputs was the major factor associated with heterogeneity in soil C:N ratios relative to soil physical characteristics. In contrast, spatial variation soil N:P was more strongly associated with spatial variation in topography than heterogeneity in leaf litter inputs. The modeling approach presented here can be used to generate prediction surfaces for leaf litter deposition and quality onto the forest floor, a useful tool for understanding soil-vegetation feedbacks. A better understanding of the role of leaf litter inputs from secondary vegetation in restoring soil nutrient stocks will also assist in managing expanding secondary forests in tropical regions.
INTRODUCTION
Linking species characteristics and ecosystem function has been a pervasive theme in ecology, particularly over the past two decades (Jones and Lawton 1995 , Pickett et al. 2001 , Wardle 2002 , Eviner and Chapin 2003 , Hooper et al. 2005 . Our growing understanding of the interactions between plant populations, communities, and ecosystems has fundamentally changed our understanding of ecological systems (Naeem 2002 , Wardle 2002 , and how they respond to management (Pyke and Archer 1991, Ehrenfeld and Toth 1997) and environmental changes Cabido 1997, Chapin 2003) .
In forest ecosystems, the dominant ecosystem fluxes (e.g., litterfall, nutrient leaching losses from soil, and nutrient uptake by trees) depend largely upon the identities and size of canopy trees, which have distinctive effects on ecosystem processes at the neighborhood scale, 0-25 m (Binkley and Giardina 1998 , Go´mez-Aparicio and Canham 2008 . Although much of the nutrient content in live leaves is translocated prior to senescence and leaf fall (Lodge et al. 1991 , Marschner 1999 , litterfall is a key pathway for nutrient return to the soil in forests, particularly in tropical ecosystems (Tiessen et al. 1994) . Tree species differ in their degree of deciduousness, the nutrient content of their leaves, and the magnitude of nutrient mobilization prior to senescence (van Schaik et al. 1993, Zalamea and Gonzalez 2008) . As a result, the spatial distribution of tree species in mixed-forest stands creates heterogeneity in litter and therefore nutrient inputs onto the forest floor (Vitousek 1984 , Hirabuki 1991 , Berendse 1994 , Keller et al. 2013 . Spatial variation in the diversity, quantity, and quality (nutrient content and decomposability) of leaf litter inputs is expected to have a marked effect on heterogeneity in soil physical characteristics and nutrient availability (Zinke 1962 , Scott and Binkley 1997 , Binkley and Giardina 1998 , Eviner and Chapin 2003 , Ha¨ttenschwiler et al. 2005 , Go´mez-Aparicio and Canham 2008 , Keller et al. 2013 . Within a given climatic zone, litter quality is the overriding driver of decomposition (Cadish and Giller 1997 , Cornelissen et al. 1999 , Cornwell et al. 2008 . Variation in decomposition rates can be attributed to differences among species in litter characteristics, including leaf toughness, nitrogen (N), phosphorus (P), and lignin concentrations and their consequences for invertebrate and microbial activity and substrate utilization (Pe`rez-Harguindeguy et al. 2000 , Ha¨ttenschwiler et al. 2005 . Therefore, studies of the neighborhood dynamics of litter deposition offer a particularly powerful vehicle for the integration of community ecology and ecosystem processes.
The majority of research on linkages between tree diversity and soil nutrients has focused on temperate systems (e.g., ), yet tropical rain forests contain hyper-diverse plant communities and play a critical role in global biogeochemical cycles (Field et al. 1998) . Interspecific variation in foliar nutrient content has been shown to vary more among species within a tropical forest than across many temperate forest sites . How this biogeochemical diversity influences ecosystem properties remains poorly understood. A few studies have examined how individual trees influence ecosystem processes below the canopy (Reed et al. 2008 , Wieder et al. 2008 , Van Haren et al. 2010 , Keller et al. 2013 , but a systematic assessment of the relationship between variation in the spatial distribution of multiple tree species and spatial heterogeneity in soil nutrients is lacking.
Successional tropical forests represent an ideal system to study the consequences of spatial heterogeneity in leaf litter deposition on soil nutrients. Light-demanding pioneer species tend to have fast growth rates and produce high-quality leaf litter that decomposes rapidly, leading to high rates of mineralization (Grime 1979 , Pastor et al. 1984 , Reich et al. 1992 , Berendse 1994 , Corneliessen et al. 1999 , Aerts and Chapin 2000 . In contrast, shade-tolerant species that dominate latesuccessional forest stands typically produce low-quality litter, high in lignin and low in N, potentially reducing mineralization rates and soil fertility. Successional shifts in tree species composition may lead to concomitant changes in the chemical and physical characteristics of leaf litter and in litter decomposition rates (Cornelissen et al. 1999 , Ostertag et al. 2008 .
Natural forest regeneration after deforestation has been common throughout the island of Puerto Rico (Grau et al. 2003) , generating a mosaic of stands at different stages of succession that reflects the situation in tropical forest areas across many tropical regions (FAO 2010) . Here we examine the influence of forest composition on leaf litter dynamics using spatially explicit information on tree size and species, together with leaf litter deposition and soil nutrient data from the 16-ha Luquillo Forest Dynamics Plot (LFDP) in Puerto Rico. We develop a spatial model of leaf litter deposition to examine the legacies of land use history on leaf litter inputs and soil nutrients. Leaf litter at the site constitutes ;65% of total litterfall (Vogt et al. 1996) . The LFDP has a well-documented history of land use, which drives the spatial distribution of tree species associated with different successional stages (Thompson et al. 2002) . This variation in land use allows us to ask the following questions. (1) How do dominant tree species differ in leaf litter biomass production, nutrient chemistry (C, N, and P), and spatial deposition patterns, and what are the consequences of these differences for spatial heterogeneity in leaf litter inputs? (2) How does spatial variation in tree distributions that reflects the legacy of land use influence the magnitude of nutrient and leaf litter biomass return to the forest soil? (3) To what degree is spatial variation in soil nutrient ratios associated with variation in the quantity and nutrient content of leaf litter inputs relative to soil physical characteristics (rockiness) and land surface topography?
METHODS

Study site
The Luquillo Forest Dynamics Plot (LFDP) is a 16-ha permanent forest plot (SW corner (Condit 1998 , Thompson et al. 2002 . All free-standing woody stems with dbh !1 cm at 130 cm from the ground (diameter at breast height) in the study area are tagged, identified to species, and are measured for dbh. For the analyses presented here we used tree census data from the 2005 and 2011 censuses. Our analyses focused on 12 species that represent variation in life history strategies and successional affinities, and account for .75% of adult stems in the plot and 66% of leaf litter that fell into leaf litter baskets (Tables 1 and 2) .
Portions of the area containing the LFDP were used for agriculture and logging before 1934, when the USDA Forest Service purchased the land, effectively ending human use of the area. The northern two-thirds of the plot experienced logging and small-scale farming of various crops interplanted among forest remnants in the early 20th century, whereas the southern one-third experienced only light selective logging in the 1940s. This land-use history is the strongest driver of present-day variation in distribution of species across the plot relative to marked differences in topography, soil, and hurricane damage (Garcı´a-Montiel 2002, Thompson et al. 2002) . The southern area of the LFDP is dominated by species typical of mature tabonuco forest, namely Dacryodes excelsa, Manilkara bidentata, and Sloanea berteriana, and the northern area is currently dominated by the secondary forest species Casearia arborea and the palm Prestoea acuminata var. montana (thereafter Prestoea montana) (Table 1, Fig. 1 ; see Thompson et al. 2002) . For the purposes of this analysis, the LFDP was divided into four distinct areas based on the percent forest canopy cover derived from aerial photos taken in 1936: 1, 10-20%; 2, 20-50%; 3, 50-80%; and 4, 80-100% forest cover (Thompson et al. 2002) .
Collection and chemical analyses of leaf litter
To assess spatial variation in leaf litterfall in the LFDP, a total of 120 mesh baskets were placed every ;8 m along established trails and at a distance 8 m perpendicular to the trail (Fig. 1) . The baskets had surface area of 0.5 m 2 and were constructed using 1-mm mesh and a frame of PVC tube mounted 80-100 cm Notes: Adult stems have dbh ! 10 cm; maximum dbh was measured in the 2005 census; for each species, percentage of leaf litter in baskets was calculated as percentage of total biomass for all species beyond the 12 focal species. Association (Assoc.) refers to distribution with respect to human land use (''þ'' indicates species positively associated with human-disturbed area, ''À'' refers to a negative association, and ''0'' refers to no association), determined from Thompson et al. (2002) . TABLE 2. For the 12 study species, C, N, and P and their ratios in a composite leaf litter sample from 120 collection baskets, and mean (CV in parentheses) contribution to total leaf litter collected in baskets within three land use areas: forest cover in 1936 of 20-50% (n ¼ 26 baskets), 50-80% (n ¼ 32 baskets), and 80-10% (n ¼ 62 baskets).
Species code Succession
Concentration ( Notes: See Methods for details and Appendix B: Table B1 for interspecific variation in leaf litter nutrients by land cover class. Successional status for each species was determined from Thompson et al. (2002). above the ground. Litterfall was collected from the baskets every two weeks beginning in August 2006 and continuing through the end of August 2007. Leaves of the palm P. montana that fell across the litter traps were cut to the area of the basket they intersected when they fell. Leaf litter was sorted to species, oven-dried, and weighed. Individual species from every other biweekly sample (samples collected every two weeks) was ground using a mixer mill (Retsch MM301, Haan, Germany). For each of the 12 focal species, we then combined an equal mass of the ground leaf samples from each of the available biweekly collection dates (not all species produce leaf litter throughout the year), to create a composite sample of leaf material representing the mean annual C, N, and P concentration for each species. For any given species, nitrogen and phosphorus concentrations in leaf litter could differ markedly among areas with different land use history or soil, so we also analyzed a composite sample for each species in each of the land cover classes and soil types. Each of the resulting composite (whole plot, by soil type, by land use class) leaf litter samples for each species was analyzed for total C, N, and P, at the analytic chemistry laboratory of the School of Ecology, University of Georgia. Total C and N were determined by combustion analyses and total P by continuous-flow calorimetric assays after dry ash/acid extractions of the samples.
Collection and chemical analyses of soil
We quantified spatial variation in soil C, N, and P by collecting 183 soil samples in a stratified spatial distribution (based on John et al. 2007 ) across the whole plot in June 2011 to 10 cm depth using a 5 cm diameter soil corer (Fig. 1 ). Roots were removed and FIG. 1. Land use history and topography of the 16-ha Luquillo Forest Dynamics Plot (LFDP) in Puerto Rico; north-south orientation is parallel to the long axis of the plot. Black dots depict leaf litter collection baskets and magenta triangles show the distribution of soil sampling points. Yellow and blue dots illustrate the distribution of adult trees (dbh ! 10 cm) for a secondary (Casearia arborea) and old-growth (Dacryodes excelsa) forest species, respectively. each sample was homogenized before air-drying. Dry soil samples were sieved (,2 mm) and ground to a fine powder in a ball mill. Total C and N were determined by automated combustion, gas chromatography, and thermal conductivity detection on a Thermo Flash 1112 Analyzer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Total soil P was measured by ignition (5508C, 1 h) and extraction in 1 mol/L H 2 SO 4 , with phosphate detection by automated online neutralization and molybdate colorimetry using a Lachat Quikchem 8500 (Hach, Loveland, Colorado, USA).
Spatial heterogeneity in soil C:N and N:P ratios We examined the degree to which spatial heterogeneity in soil C:N and N:P ratios are associated with spatial variation of these ratios in leaf litter deposited in the litter traps vs. two abiotic factors. The distribution and composition of the LFDP soil meant that more soil samples were collected in Zarzal (129 out of 183) or Cristal (42 out of 183) soils. Soil characteristics can affect nutrient and carbon stocks and the quantity and quality of leaf litter deposition. However, neither of the two soil nutrient ratios considered C:N (df ¼ 4, 178, F ¼ 0.189, P ¼ 0.94) and N:P (df ¼ 4, 178, F ¼ 2.11, P ¼ 0.09) differed across soil types. Leaf litter production (df ¼ 3, 116, F ¼ 1.83, P ¼ 0.14) and species-specific leaf litter C, N, and P were also similar across soil types (Appendix B: Table B1 ).
We also considered two abiotic predictors of soil C:N and N:P ratios: rock cover and topography in the 5 3 5m area in which a soil sample was collected. A greater percentage of rock cover at our site leads to lower water infiltration and increased runoff and is negatively associated with soil moisture in the plot (M. Uriarte and J. K. Zimmerman, unpublished data) and, potentially, therefore, species composition, litter deposition, and decomposition processes. Topography was used to assign the sampling quadrats to one of two categories: flat areas (valleys and slopes ,15% slope) were assigned a value of 0 and steep areas (ridges and slopes .15% slope) a value of 1. Steeper slopes in the Luquillo Forest near the LFDP have been associated with greater abundance of litter mats formed by basidiomycete decomposer fungi, and faster decomposition rates (Lodge et al. 2008 ). Research at the site has also demonstrated that P tends to accumulate in valleys as a result of weathering on slopes and associated redistribution of soil P to valleys (Mage and Porder 2013) .
Statistical analyses Question 1. Variation across dominant tree species in leaf litter biomass production, nutrient chemistry (C, N, P), and spatial deposition patterns: consequences for spatial heterogeneity in leaf litter inputs.-We used inverse modeling methods similar to those used to model seed dispersal (e.g., Ribbens et al. 1994) to predict leaf litterfall mass as a function of the dbh of individuals of the focal 12 tree species, as source trees, and their distance from the litter traps (Staelens et al. 2004 ). We used the 2005 LFDP census map because this was the nearest in time to the litter collection from the litter baskets. Specifically, we estimated species-specific litterfall biomass as a function of the number, size, and distance of potential source trees with dbh . 2.5 cm within a 25 m radius of a given collection basket. Leaf litter biomass data were fit using a lognormal dispersal kernel because this functional form has been used successfully in temperate studies and is generally a good fit to the data (Staelens et al. 2004, Go´mez-Aparicio and Canham 2008) . We calculated a species-specific dispersal kernel which takes the form:
where TLP is the estimated total leaf production of a tree with 30 cm dbh, dbh i is the ith tree of n neighbors within a 25 m radius, distance is the Euclidean distance between leaf litter trap k and tree i, X 0 is the estimated mean distance at which the maximum amount of litter is deposited (the mode of the deposition kernel), and X b determines the estimated spread (variance) of the kernel. Parameter a captures the allometric relationship between tree size and leaf litter biomass production, and g is a normalizer. All parameters (TLP, X 0 , X b , and a) were estimated separately for each species using maximum likelihood and simulated annealing (Goffe et al. 1994 ). Errors approximated a normal distribution in all cases. The fit of the models was evaluated using R 2 of the regression of observed vs. predicted as a measure of goodness of fit, and slope of the regression as a measure of bias. We used asymptotic two-unit support intervals to assess the strength of evidence for individual estimates of the parameters (Edwards 1992) . A more detailed description of the inverse modeling procedure is provided in Appendix A.
To extrapolate results from our analyses to the entire plot and to determine whether our modeling approach generated leaf litter biomass distribution patterns that captured the relative contribution from the 12 species to that collected in the 120 baskets, we simulated leaf litter deposition across the entire plot for each of the 12 focal species. To do so, we used the estimated species-specific kernels together with data on tree species sizes and spatial distribution derived from the 2005 census and species-specific leaf litter C, N, and P data. We estimated total inputs of C, N, and P by multiplying total leaf litter biomass for each species in each basket by the species' nutrient content specific to the land use in which each source tree was located (Table 2; Appendix B: Table B1 ). We also calculated a weighted mean nutrient ratio (C:N and N:P) by weighing species biomass inputs from each of the tree species (k ¼ 1 through 12) by their land-usespecific leaf litter quality in the land use class in which the source tree was located. For example, C:N at collection basket b was calculated as:
Question 2. Effects of spatial variation in tree distributions across land use categories on magnitude of nutrient and biomass return to the forest soil.-To assess the legacy of land use on the magnitude of biomass and nutrient return to the forest soil via litterfall, we compared species-specific leaf litter biomass and nutrient inputs collected in the baskets in each of the land use areas (Fig. 1) . To do so, we followed the same procedure described in Question 1.
We used extrapolated results from simulated leaf litter over the entire plot using methods described in Question 1, together with species nutrient data, to quantify the patterns of simulated leaf litter biomass and quality across the different land cover classes. Because we did not have any leaf litter baskets in land cover class 1 (0-20% forest cover), we used leaf litter quality values for land cover class 2 (20-50% forest cover).
Question 3. Association between spatial variation in soil nutrient ratios and variation in quantity and quality of leaf litter inputs, soil rockiness, and land surface topography.-We examined the degree to which heterogeneity in soil C:N and N:P ratios reflects spatial variation in the C:N and N:P ratios of the leaf litter deposited. We focused on these metrics because N and P vary across species as a result of translocation prior to senescence and these ratios influence decomposition rates and nutrient dynamics after deposition Melillo 1980, Manzoni et al. 2010) . The N:P ratios may also influence phosphatase activity and therefore P availability.
To estimate biomass and nutrient inputs from leaf litter deposition for the 183 soil collection locations, we coupled the estimated leaf litter dispersal kernels obtained from the 2005 LFDP tree census map and leaf litter basket collection data with the 2011 LFDP tree census map, because this census was closest to the time of soil sample collection (June 2011). Leaf litter C:N for each soil sampling point was quantified as described in Eq. 2. Because we did not have any leaf litter baskets in land cover class 1 (0-20% forest cover), we used the leaf litter quality values for land cover class 2 (20-50% forest cover) to predict nutrient inputs for the 13 soil samples collected in land cover class 1.
After checking for normality of soil C:N and N:P, we conducted a linear regression of soil C:N and N:P using predicted values from estimated leaf litter inputs (Eq. 2), topography (binary variable), proportion of rock (a continuous variable), and soil type. To facilitate interpretation and comparison of importance of individual covariates, we standardized covariates by subtracting the mean and dividing by two standard deviations (Gelman and Hill 2009 ). All analyses were conducted using R statistical software version 3.01 (R Core Team 2013).
RESULTS
Variation across dominant tree species in leaf litter biomass production, nutrient chemistry (C, N, and P), and spatial deposition patterns
Leaf litter of the 12 focal species varied substantially in concentrations of C, N, and P and, consequently, in C:N and N:P ratios ( Table 2) . As expected, pioneer and early-successional species had higher N concentrations and lower C:N ratios than late-successional species. Differences in P concentrations and N:P ratios were not consistent among successional groups (Table 2 ). Although there was some species-specific variation in leaf litter C:N and N:P across land use classes and soil types, these were relatively minor when compared with large interspecific variation between late-successional species and secondary or pioneer species (Appendix B: Tables  B1 and B2) .
Annual leaf litter biomass deposited by the 12 study species over the course of the one-year sampling period in the collection baskets ranged from 50.72 to 1053.82 gÁm À2 Áyr À1 (392.14 6 1.77 gÁm À2 Áyr
À1
, mean 6 SE). The spatial distribution of leaf nutrient inputs into these baskets was also highly variable, ranging from 24.14 to 519. 04 ). Mean weighted C:N ratios, derived from relative biomass contributions of each of the 12 focal species, ranged across the baskets from 26.97 to 65.21 (44.35 6 0.90, mean 6 SE) and N:P ratios ranged between 20.56 and 41.02 (34.68 6 0.13).
The models of leaf litter dispersal exhibited a moderate to strong fit to the data, accounting, on average, for 59% of observed variation in leaf litter deposition and ranging from a low of 31% of observed variation for the palm (P. montana) to a high of 79% for the pioneer Schefflera morototoni (Appendix A: Table  A1 ). The low fit for the palm probably results from the fact that the palm fronds fall very close to the palm stem and it is difficult to catch such long, heavy fronds in the small litter traps. Separate simulations of leaf litter across the entire plot for each of the 12 focal species showed that the inverse modeling approach generated leaf litter biomass that captured the relative contribution from the 12 species to that collected in the 120 baskets (Appendix A: Table A2 ). The two species that diverged from this pattern accounted for only 1.16% (Alchornea latifolia) and 3.67% (S. morototoni ) of observed total leaf litter inputs.
Tree species in the LFDP display great variation in both the total amount of litter that they produce (parameter TPL in Eq. 1) and the way in which leaf litter production varies with tree size (parameter a in Eq.
1; see Appendix A: Table A1 ). For example, a 30 cm dbh D. excelsa produced 38 755.53 g litter/yr, with production increasing in an almost quadratic fashion with tree size. In contrast, a 30 cm dbh C. arborea tree is estimated to produce only 2533.63 g litter/yr, with production decreasing for larger trees. The shape of the kernel was also highly variable, with some tree species dropping the majority of leaves within a tight radius from the source (e.g., P. montana, parameter X b ¼ 0.86 m) and others having a more diffuse litter shadow (e.g., D. excelsa, X b ¼ 2.77 m); see Fig. 2 . The mode of the dispersal kernel, i.e., the distance from the source tree at which leaf litter was highest, ranged from 0.01 m to almost 3.67 m, and the variance ranged from 0.50 m to 2.77 m ( Fig. 2 ; Appendix A: Table A1 ). There were no consistent patterns in overall leaf production or the shape of the kernels for species within a given successional group.
We used the estimated species-specific kernels together with data collected in the 2005 census on tree species sizes and spatial distribution and species-specific leaf litter C, N, and P data to extrapolate leaf litter biomass and nutrients across the entire plot. Variation in tree species distributions and the fact that most of the leaf litter fell less than 5 m away from the source trees, led to substantial fine-scale spatial heterogeneity in leaf quantity and quality of leaf litter inputs (Fig. 3) Effects of spatial variation in tree species distributions across land use categories on magnitude of leaf litter biomass and nutrient return to forest soil Differences in the spatial distribution of species with respect to land use history were reflected in variation in leaf litter biomass inputs across the 120 leaf litter collection baskets, total leaf litter C, N, and C:N ratios (Tables 1 and 2; Appendix B: Table B1 ). Both biomass and total C leaf litter inputs were greater in areas with more than 50% forest cover in 1936. Biomass inputs ranged from 313.92 gÁm À2 Áyr À1 with 20-50% forest cover in 1936, to 419.14 gÁm À2 Áyr À1 in areas with more than 80% forest cover. Differences in mean speciesweighted leaf litter C:N ratios among land cover classes were also marked, with higher C:N ratios in areas with 80-100% forest cover in 1936 relative to areas with 20-80% cover (Table 3) . No consistent differences were observed for N.
Simulated leaf litter inputs exhibited patterns that were largely parallel to those observed in baskets across different land cover classes (Table 4) . Nevertheless, there were some marked differences. Observed leaf litter biomass and carbon inputs into baskets located in land cover area 3 (50-80% forest cover in 1936) was almost one-third higher than simulated quantities. Simulated and observed values for composite leaf litter C:N also FIG. 2. Leaf litter dispersal kernels for a tree with dbh ¼ 30 cm for each of the 12 focal species included in the analyses, parameterized using Eq. 1. Species codes are provided in Table 1. exhibited similar differences (Table 4 ). There were no consistent patterns across land use classes in N and P inputs or in N:P ratios.
Association between spatial variation in soil nutrient ratios and variation in the quantity and quality of leaf litter inputs, soil rockiness, and topography
We used the estimated species-specific kernels, together with data collected in the 2011 census on tree species sizes and spatial distribution and species-specific leaf litter C, N, and P data to extrapolate mean weight leaf litter C:N and N:P for the points at which soil samples were collected. This allowed us to associate soil and leaf litter quality.
Our model of the factors that are associated with spatial variation in soil C:N accounted for 27% of observed variation (Table 5 ). Soil C:N ratios were positively associated with simulated leaf litter C:N and the percentage of rock (Table 5) . Among factors included in the regression, spatial heterogeneity in simulated leaf litter C:N was the most important predictor of soil C:N ratios. The soil N:P model captured 16% of observed variation, with most of the variation attributable to spatial heterogeneity in simulated leaf litter N:P and topography (Table 5) Table A1 ). Data within 15 m of the plot edge are omitted because the majority of leaf litter falls within this distance of source trees, but a complete set of source trees is lacking. TABLE 3. Mean (CV in parenthesis) leaf litter biomass and C, N, and P deposition and weighted means (see Eq. 2) and CVs of leaf litter C:N and N:P ratios from the 12 study species in 120 collection baskets in four land use areas in the LFDP.
Forest cover, 1936
No. samples soil N:P values were greater with high leaf litter N:P and in steeper, relative to flatter, areas (Table 5) .
DISCUSSION
Variation across dominant tree species in leaf litter biomass production, nutrient chemistry (C, N, and P), and spatial deposition patterns: consequences for spatial heterogeneity in leaf litter inputs Dominant tree species at the site differed substantially in the quantity and quality of leaf litter production. Consistent with previous studies elsewhere (Grime 1979 , Pastor et al. 1984 , Reich et al. 1992 , Berendse 1994 , Corneliessen et al. 1999 , Aerts and Chapin 2000 , lightdemanding pioneer species produced high-quality leaf litter high in N, whereas leaf litter of shade-tolerant species was low in N, with high C:N ratios. Our analyses also demonstrate that most leaf litter for the tree species included in our study falls at relatively short distances from the source tree (,5 m), with only a small percentage of leaf litter deposited farther than 10 m away from the source tree. Short dispersal distances, coupled with interspecific differences in the quantity and quality of leaf litter inputs, led to substantial fine-scale spatial heterogeneity in the quantity and quality of leaf litter inputs across the plot.
These findings, together with results from other studies of leaf litter impacts on forests, suggest potential local neighborhood effects of leaf litter on seed germination and seedling establishment, growth, and survival Walker 1991, Walker et al. 2003) . These litter effects might operate through changing the physical environment for seeds and seedlings, a particularly important effect for smallseeded species (e.g., Molofsky and Augspurger 1992 , Vazquez-Yanes and Orozco-Segovia 1992 , Muscarella et al. 2013 , nutrient availability (Go´mez-Aparicio and Canham 2008), soil structure (Ostertag et al. 2008) , and impacts of pathogens and herbivores via Janzen-Connell effects (Benitez-Malvido and Kossmann-Ferraz 1999) .
The neighborhood approach presented here shows great potential for understanding the effects of tree species composition on spatial variation in the quantity and quality of leaf litter inputs and return of nutrients to soil in tropical forests and the potential changes that might occur as secondary forests regenerate and develop over time. The goodness of fit of the models suggests that the method captures the influence of tree size and proximity on leaf litter deposition for the majority of species, with R 2 values comparable to those observed in temperate forests (Staelens et al. 2003, Go´mez-Aparicio and Canham 2008 ). An additional benefit of this method relative to whole-averaged plot-based analyses of leaf litter production, which typically only take into account tree size or basal area (e.g., Hirabuki 1991) , is that our method disentangles the effects of tree size and location (i.e., distance to litter collection site) on spatial variation in leaf litter inputs from individual species. Together with data on tree species variation in leaf nutrients or other leaf functional characteristics (e.g., lignin content), this information can be used to generate prediction surfaces for leaf litter deposition onto the forest floor, a powerful tool for understanding soil-vegetation feedbacks at relevant spatial scales (Go´mez-Aparicio and Canham 2008) .
Effects of spatial variation in tree distributions across land use categories on magnitude of nutrient and biomass return to the forest soil Previous research at the site has demonstrated that areas with stronger legacies of land use contain a higher Note: Simulated data within 15 m of the plot edge are omitted because the majority of leaf litter falls within this distance of source trees but a complete set of source trees is lacking. (Gelman and Hill 2009) . Significance is indicated by * P , 0.05; **** P ¼ 0.0001. number of pioneer and secondary tree species and lower basal area (Thompson et al. 2002 , Uriarte et al. 2009 ). Our data show that species prevalent in areas with highintensity past land use history generate litter with higher N and lower C:N ratios than species associated with areas of less intense human land use. In accordance with our expectation, both observations from baskets and simulated leaf litter deposition across the plot uncovered differences in species-weighted mean leaf litter C:N across land use classes, with greater values in areas that had more than 80% land cover in 1936, which are dominated by D. excelsa and M. bidentata. We also found greater leaf litter biomass and C inputs in these same areas. These differences can be attributed to dominance of late-successional species in areas with low-intensity land use, because these species account for a greater proportion of total aboveground biomass in this section of the plot (Table 1) (Zou et al. 1995, Zalamea and Gonza´lez 2008) . These results support the notion that successional shifts in tree species composition can lead to changes in the chemical and physical characteristics of leaf litter and, potentially in plantvegetation dynamics (Cornelissen et al. 1999 , XulucTolosa et al. 2003 , Ostertag et al. 2008 .
Association between spatial variation in soil nutrient ratios and variation in quantity and quality of leaf litter inputs, soil rockiness, and land surface topography Spatial heterogeneity in the quality of leaf litter inputs across the plot was strongly associated with the spatial variation in soil C:N and N:P ratios, suggesting that interspecific differences in leaf litter production and quality are a major factor underlying observed variation in soil nutrients. Although our data show some intraspecific variation in leaf litter nitrogen and phosphorus among areas with different land use history and soil type, these differences were relatively minor when compared with interspecific differences. These findings lend support to a number of studies in temperate and tropical forests (Pastor et al. 1984 , Binkley and Giardina 1998 , Xuluc-Tolosa et al. 2003 , Go´mez-Aparicio and Canham 2008 , Reed et al. 2008 , demonstrating links between leaf litter inputs, soil nutrient pools, and ecosystem processes (e.g., decomposition and N mineralization). The majority of these studies, however, focused on isolating effects of one or a few tree species on soil processes. In contrast, our study examines the association of soil nutrient pools and leaf litter inputs for all the dominant species in a community. Predicting the combined ecosystem effects of species in mixtures on ecosystem process (e.g., N mineralization), however, represents a real challenge because the mechanisms behind individual case studies offer few generalizations. When species effects are nonadditive, nonspatial models will either overestimate (antagonistic) or underestimate (synergistic) average resource conditions within a stand . Although some progress has been made in this area, our understanding of nonadditive effects is limited, particularly in forest ecosystems (Eviner and Chapin 2003) .
Legacy effects of Hurricane Hugo in 1989 and Georges in 1998 may also account for some of the observed relationship between soil C:N and leaf litter C:N. Secondary forest species prevalent in areas with a history of more intense human land also experienced higher rates of hurricane damage at the site (Zimmerman et al. 1994 , Uriarte et al. 2009 ). As a result, inputs of woody debris in areas of high-intensity land use are likely to have been greater than those to areas with lowintensity land use. Approximately 85% of hurricanegenerated debris was woody debris . 5 cm in diameter which may have increased soil N availability and aboveground productivity by as much as 40% (Zimmerman et al. 1995) . Simulations of an ecosystem model (CENTURY) calibrated for this forest indicated that N immobilization by decaying wood can influence soil nutrient dynamics for almost 30 years following the hurricane (Sanford et al. 1991 , Zimmerman et al. 1995 . Legacies of hurricane events may have contributed to lower C:N ratios in areas dominated by secondary forest species.
Several mechanisms may account for the observed positive relationship between soil C:N and rockiness of the soil. Soil moisture tends to be low in rocky areas, possibly leading to slower decomposition rates and higher C:N ratios. Rockier areas are disproportionately distributed in areas with a history of low-intensity land use (Thompson et al. 2002) , potentially because these areas were less amenable to cultivation and this reinforced the effects of land use legacies on tree species distributions. Shallow slopes in this forest are also subject to overland flow during the torrential rains that accompany frequent tropical storm activity (Weaver et al. 1987 ). Research at the Luquillo Forest examining the factors that influence soil organic content (SOC) found that ridge soils were generally deeper and higher in SOC than shallower soils in valleys (Johnson et al. 2011) .
High leaf litter N:P was also associated with high soil N:P. However, the most important factor accounting for spatial heterogeneity in soil N:P was topography, with greater N:P values in steeper relative to flatter areas. Previous research in the Luquillo Forest has demonstrated that P tends to accumulate in valleys as a result of redistribution of fine soil materials and associated phosphorus from slopes and ridges to valley floors and alluvial soils, possibly accounting for our results (Mage and Porder 2013) . The watersheds at the study site receive high rates of rainfall (3-4 m/yr), resulting in high rates of weathering, particularly on steep slopes and ridges (White et al. 1998 ).
Conclusions
Our study supports the notion that human land use may modify existing biotic-environment relationships (Foster et al. 1998) . Legacies of human land use on tree community composition and, therefore, on leaf litter quantity and quality will influence nutrient return to the soil, and thus available soil nutrients. Many tropical forests of the future will be secondary forest developing after human disturbance (Chazdon 2003) . The rate and degree of secondary forest recovery is often constrained by soil fertility, with more intense land uses requiring longer time to recovery or, in some cases, direct restoration interventions (Ewel 1976 , Guariguata and Ostertag 2001 , Chinea 2002 , Chazdon 2003 . Forest planting or management to promote natural development of secondary forests will require a better understanding of the relative roles that species-specific litter inputs play in restoring soil physical structure and nutrient stocks to speed the rate of soil and forest recovery and to maximize carbon storage.
